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Abstract 

Purpose The year-round supply of fresh fruit and vegetables 
in Europe requires a complex logistics system. In this study, the 
most common European fruit and vegetable transport packag¬ 
ing systems, namely single-use wooden and cardboard boxes 
and re-useable plastic crates, are analyzed and compared con¬ 
sidering environmental, economic, and social impacts. 
Methods The environmental, economic, and social poten¬ 
tials of the three transport packaging systems are examined 
and compared from a life cycle perspective using Life Cycle 
Assessment (LCA), Life Cycle Costing (LCC) and Life 
Cycle Working Environment (LCWE) methodologies. Rel¬ 
evant parameters influencing the results are analyzed in 


Responsible editor: Hans-Jiirgen Garvens 

S. Albrecht (E3) • P. Brandstetter • T. Beck 
Department of Life Cycle Engineering (GaBi), 
University of Stuttgart, LBP, 

Wankelstr. 5, 70563 Stuttgart, Germany 
e-mail: stefan.albrecht@lbp.uni-stuttgart.de 

P. Fullana-i-Palmer 

UNESCO Chair in Life Cycle and Climate Change, 
Escola Superior de Comerc Intemacional (UPF), 

Passeig Pujades 1, 08003 Barcelona, Spain 

K. Gronman 

Lappeenranta University of Technology, LUT Energy, 
P.O. Box 20, 53851 Lappeenranta, Finland 

M. Baitz • S. Deimling • J. Sandilands 
PE International AG, 

Hauptstr. 113, 70771 Leinfelden-Echterdingen, Germany 
M. Fischer 

Department of Life Cycle Engineering (GaBi), 
Fraunhofer Institute for Building Physics, 

Wankelstr. 5, 70563 Stuttgart, Germany 


different scenarios, and their impacts are quantified. The 
underlying environmental analysis is an ISO 14040 and 
14044 comparative Life Cycle Assessment that was critical¬ 
ly reviewed by an independent expert panel. 

Results and discussion The results show that wooden boxes 
and plastic crates perform very similarly in the Global 
Warming Potential, Acidification Potential, and Photochemical 
Ozone Creation Potential categories; while plastic crates have a 
lower impact in the Eutrophication Potential and Abiotic Re¬ 
source Depletion Potential categories. Cardboard boxes show 
the highest impacts in all assessed categories. The analysis of 
the life cycle costs show that the re-usable system is the most 
cost effective over its entire life cycle. For the production of a 
single crate, the plastic crates require the most human labor. 
The share of female employment for the cardboard boxes is the 
lowest. All three systems require a relatively large share of 
low-qualified employees. The plastic crate system shows a 
much lower lethal accident rate. The higher rate for the wooden 
and cardboard boxes arises mainly from wood logging. In 
addition, the sustainability consequences due to the influence 
of packaging in preventing food losses are discussed, and 
future research combining aspects both from food LCAs and 
transport packing/packaging LCAs is recommended. 
Conclusions For all three systems, optimization potentials 
regarding their environmental life cycle performance were 
identified. Wooden boxes (single use) and plastic crates (re¬ 
usable) show preferable environmental performance. The 
calibration of the system parameters, such as end-of-life 
treatment, showed environmental optimization potentials in 
all transport packaging systems. The assessment of the 
economic and the social dimensions in parallel is important 
in order to avoid trade-offs between the three sustainability 
dimensions. Merging economic and social aspects into a 
Life Cycle Assessment is becoming more and more 
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important, and their integration into one model ensures a 
consistent modeling approach for a manageable effort. 

Keywords Fruit and vegetables • LCA • LCC • Packaging • 
Social LCA • Transport 

1 Introduction 

Every day, thousands of goods make their way from pro¬ 
ducers to consumers. According to the press release of the 
fruit logistica trade fair 2005 , more than 22 million tonnes 
of fresh fruit and vegetables is traded in Europe every year 
and is transported in a comparable way to that considered in 
this study. Transport packaging systems play an essential 
part in the logistic chain, and wooden boxes, cardboard 
boxes, and plastic crates are most commonly used for the 
packaging of fruit or vegetables. According to the vice 
director of Stiftung Initiative Mehrweg, a German associa¬ 
tion promoting re-usable packaging, the re-usable transport 
packaging has an estimated market share of about 40 % in 
Europe, for single-use packaging cardboard boxes have the 
largest market shares. Wooden boxes have the lowest mar¬ 
ket share due to their technical limitations like poor 
stackability. 

Besides bananas, in principle, all kinds of fruit and veg¬ 
etables are transported in these kinds of transport packaging; 
thus, the findings of this article are applicable to a huge 
range of fruit and vegetables. Depending on the size, con¬ 
sistency, humidity, etc. of the fruit and vegetables, specific 
primary packaging could be necessary for protection and to 
enable the use of the chosen transport packaging option. The 
primary packaging is both used in single-use and re-usable 
packaging, appearing with an enormous diversity. The in¬ 
fluence of primary packaging is not covered in this study. 

While wooden and cardboard boxes are single-use trans¬ 
port packaging systems and are normally disposed of, in¬ 
cinerated, or partly recycled after single use, plastic crates 
are generally returnable and are washed and reused multiple 
times. Wooden and cardboard boxes are based on renewable 
feedstock while plastic crates use oil-based fossil feedstock. 
Assessing the sustainability of these widely used transport 
packaging options in a realistic manner is important to gain 
knowledge to be able to choose the most preferable pack¬ 
aging option for specific situations. 

The sustainability of transport packaging for fruit and 
vegetables has previously been studied (ADEME 2000; 
Cagnot et al. 2000; Chonhenchob and Singh 2003; Wagner 
and Partner SA 2003; RPCC 2004; Capuz et al. 2005; 
Chonhenchob and Singh 2005; Singh et al. 2006; Barthel 
et al. 2007; Albrecht et al. 2009; Levi et al. 2011). These 
studies were generally found to be more specific in scope 
(with reference to geographical coverage, country-specific 


recycling options, etc.) than the scope of this current study. 
Differences in methodology between the existing studies 
include the choice of goal and scope; the inclusion of 
different scenarios; the selection of different data sources; 
the assumptions regarding key parameters (such as the num¬ 
ber of circulations of re-usable plastic crates, ranging from 
10 to 100); the degree of complexity in modeling the logis¬ 
tics; how open-loop recycling was addressed; the treatment 
of biogenic C0 2 ; the extent of the sensitivity analysis, how 
the interpretation phase of LCA was addressed; who 
performed the critical review and how it was performed; 
and, finally, how sustainability was addressed (which pillars 
of sustainability were taken into account). 

The results of the studies also differ; it is well known that 
system analysis and comparison from a life cycle perspective 
do not give a unique and static answer. While one study 
(ADEME 2000) showed that the multiple-use option was 
environmentally preferable to the cardboard boxes and quite 
similar to the wooden boxes for most of the environmental 
impact categories assessed, another study (Capuz et al. 2005) 
showed the opposite, i.e., that the environmental impact of 
single-use cardboard boxes was lower than that of re-usable 
plastic crates in six of the ten categories analyzed. 

This paper presents the main results and findings of an 
extensive LCA study that was first finalized in 2007 and then 
updated and extended in 2009 (Barthel et al. 2007; Albrecht et 
al. 2009). This study analyzed and compared the most com¬ 
mon transport packaging systems for fmit and vegetables in 
Europe with respect to the environmental impacts and social 
and economic aspects related to their use. Given such range of 
studies that cover the whole life cycle of fmit and vegetable 
packaging options, including environmental, economic, and 
social aspects, the study presented here aimed to reproduce an 
average situation of fmit and vegetable transport for Europe. 
This average situation is complemented by an extensive pa¬ 
rameter analysis. The analysis of the environmental, econom¬ 
ic, and social impacts of packaging arguably provides a more 
objective basis for discussion on sustainable packaging in the 
fmit and vegetable sector, than the analysis of environmental 
impacts alone. The results are intended to be used to identify 
favorable boundary conditions of transport packaging systems 
for fmit and vegetable distribution throughout Europe (in a 
representative average situation). The results can be further 
used for the identification of optimization potentials of a given 
transport packaging option from a system point of view. 

2 The analysis 

2.1 Scope of the study 

The study analyses and compares transport packaging sys¬ 
tems for fruit and vegetable transport in Europe. The 
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functional unit on which the comparison is based is defined 
as the distribution of 15 kg of fruits/vegetables in 3,333,350 
filled boxes/crates. The fruit/vegetables are transported in 
either wooden or cardboard boxes, which are both single¬ 
use systems, or in re-usable plastic crates. The functional 
unit reflects the number of boxes/crates necessary to transport 
1,000 t of goods five times p.a. accounting for the baseline 
assumption of five annual circulations per re-usable crate for a 
time span of 10 years using the most common transport 
packaging size (600 mm x 400 mm x 240 mm) and comparable 
capacity (15 kg fmits or vegetables per box). To fulfill the 
functional unit for the single-use systems, 3,333,350 boxes 
have to be produced, used, and brought to the end of life. As 
the plastic crates can be used multiple times, the average 
lifetime and the number of fillings during the lifetime have 
to be considered. Primary data give 4.8 fillings per year and an 
average lifetime of up to 20 years (Albrecht et al. 2009); thus, 
five fillings per year and a lifetime of 10 years have been 
chosen as a conservative baseline scenario for comparison. 
This results in an initial production of 66,667 plastic crates to 
fulfill the distribution of3,333,350 filled crates as illustrated in 
Fig. 1. Prior to washing, the plastic crates are inspected for 
breakage and replaced if necessary. The average breakage rate 
during the lifetime of plastic crates is set to 0.47 % as an 
industry average given by Euro Pool System (2008) and IFCO 
SYSTEMS (2008), two of the leading logistics service pro¬ 
viders of returnable packaging solutions for fresh produce, 
holding together about 80 % share of the returnable packaging 


for the fmit and vegetable market in Continental Europe. The 
damaged crates are identified and removed before cleaning, 
resulting in around 3.32 million washings and dryings of the 
plastic crates that are reused. The technical specifications of 
the systems analyzed are presented in Table 1 . 

2.2 Product system boundaries 

The analysis covers the whole life cycle of the three trans¬ 
port packaging systems, from raw material extraction via 
production, distribution, and use through to the end of life 
(recycling and/or disposal or incineration). This includes the 
extraction of raw materials and fossil fuels, the forestry, the 
supply of energy and utilities, all transports of primary 
materials and resources, and the long distance transports of 
the fruit and vegetable crates and boxes throughout Europe 
over their lifetime, as shown in Fig. 2. 

This study considers fmit and vegetable production and 
consumption from six countries. Spain, Italy, France, the 
Netherlands, and Germany represent five of Europe’s largest 
fmit and vegetable producers. France, Germany, the Nether¬ 
lands, and Great Britain represent a large proportion of 
Europe’s consumed fmit and vegetables. The transportation 
services are calculated using a transportation matrix, consid¬ 
ering the freight transport volume from each producer country 
to each consumer country combined with the respective trans¬ 
port kilometers driven within the European distribution net. 
Table 2 provides the determined result of an average European 


Fig. 1 Overview of the system 
characteristics over the life 
cycle of the systems (baseline 
scenario) 
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Table 1 Technical specifications of the transport packaging systems analyzed 




Wooden boxes 

Cardboard boxes 

Plastic crates 

Production (material) 

Wood 

Cardboard 

Polypropylene and polyethylene 

Service life 

Single use 

Single use 

Re-usable 

Re-use 

— 

— 

Cleaning distribution 

End of life 

Energy recovery 

Material recycling 

Energy recovery 
Material recycling 

Material recycling 

Energy recovery 

Weight per box [kg] 

0.9 

0.823 

2 

Dimensions (exterior) [mm] 

600x400x240 

600x400x240 

600x400x240 

Load weight (max.) [kg] 

15 

15 

15 

Boxes per pallet filled 

36 

36 

36 

Layers of boxes per pallet 

9 

9 

9 

Pallets per truck (average) 

33 

33 

33 

Crates per pallet folded 

— 

— 

213 

Crates per truck folded 

Producer countries (fruit and vegetables) 
Consumer countries (fruit and vegetables) 

France, Germany, Italy, Spain, the Netherlands 
France, Germany, Great Britain, the Netherlands 

7,029 


transportation performance [in billion (bn) crates x km and m 
tonnes x km, resp.] and the mean transportation distance [in 
kilometer]. The empty re-usable crates have to be additionally 
transported about 700 km due to the supply to the fmit and 
vegetable grower. Further system-specific transports occur 
within the three transport packaging systems, like the transport 
of new boxes and crates to the growing area or used re-usable 
crates going into the washing and cleaning centers. 

The end-of-life considerations take into account the differ¬ 
ent opportunities of the specific waste treatment of the three 


transport packaging systems. The end-of-life options for 
single-use wooden boxes are incineration with energy recov¬ 
ery and recycling into particleboard. As through composting 
no high-value industrial products are gained, composting is 
neglected in this study. The baseline assumptions are a 100 % 
incineration with respective electricity grid mix credits. No 
credit was given to steam, as steam from waste incineration is 
not saleable in some regions in Europe. 

To fulfill the high requirements of fruit and vegetable 
transport, the production of the single-use cardboard boxes 


Fig. 2 System boundary 
overview 
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Table 2 Transportation performance and respective mean transporta¬ 
tion distance 

Average European transport performance Calculated average 

and distance Full boxes and crates 

Transportation performance [bn crates x km] 3.34 

Transportation performance [m tonnes x km] 50 

Mean transportation distance [km] 1,003 


requires a high-quality paper with 82.4 % primary source 
material, the rest being recycled material (FEFCO 2006). 
Hence, in the baseline scenario, it is assumed 17.6 % of the 
cardboard boxes are looped back into pulp and paper pro¬ 
duction after use to meet the needed input on recycled 
material. The rest of the cardboard is considered to be 
incinerated in the waste incineration with energy recovery. 

In the case of the re-usable plastic crates, the material is 
assumed to be recycled. As the plastic crates stay in the 
possession of the logistics service provider, at the end of 
life, the respective secondary granulates are identical to the 
chemical composition, additives content, color, etc. of the 
primary material. Thus, a high-level recycling within the 
same or similar application is a standard procedure. The 
secondary granulate is mainly used to produce new plastic 
crates, either for re-usable plastic crates for fruit and vege¬ 
table transport or for other applications like beer or water 
crates. Therefore, in the baseline scenario, an open-loop 
recycling is assumed, and the value of the secondary gran¬ 
ulate is set to 70 % of the virgin material with respect to 
some potential degradation of the recycled material. 

The carbon incorporated during the growth of wood is 
considered as a net Global Warming Potential (GWP) intake 
in the production phase. Combined with the C0 2 emissions 
from the end-of-life phase, the balance for biogenic carbon 
is closed. 

2.3 Data 

Primary data (Albrecht et al. 2009) were primarily gathered 
from industry, relevant associations, and published litera¬ 
ture. All relevant background data such as energy, transport, 
and auxiliary materials were taken from the database of the 
software system GaBi 4. The majority of the datasets used 
are publicly available, and public documentation exists 
(GaBi 2008a). The rationale behind, the main structure of 
the models, etc. was already determined in Barthel et al. 
(2007); in 2009, an update of this study was released 
(Albrecht et al. 2009). The main changes affecting this 
article are an upgrade of all GaBi FCI background datasets. 
Further foreground data have been updated, as the use of the 
updated upstream chain data of the cardboard boxes 
(FEFCO 2006). Data on the service life of plastic crates 


have been updated, mainly new energy and water consump¬ 
tion data as well as emission data from the washing pro¬ 
cesses and updated breakage rates (IFCO 2008; EURO 
POOF SYSTEM 2008). Further, some data on wooden 
box production have been adopted according to GROW 
(2008). 

2.4 Methods applied 

In this study, environmental, economic, and social aspects 
are considered, giving an approach to an overall sustainabil¬ 
ity assessment in its broader sense. Environmental effects 
are evaluated using the Fife Cycle Assessment method 
according to the ISO standards ISO 14040 (ISO 2006) and 
ISO 14044 (ISO 2006). The following environmental in¬ 
dicators and impact categories using Centrum voor 
Milieukunde Feiden (CMF) indicators (Guinee et al. 2002) 
are assessed: 

• The Primary Energy Demand (PED)—demand of fossil 
and renewable energetic resources 

• The GWP—“anthropogenic greenhouse effect” 

• The Acidification Potential (AP)—contribution to “acid 
rain” 

• The Eutrophication Potential (EP)—contribution to 
“over fertilization” 

• The Photochemical Ozone Creation Potential (POCP)— 
contribution to “summer smog” 

• The Abiotic Resource Depletion Potential (ADP)— 
depletion of non-renewable non-organic materials 

The traditional one-point study , which considers a fixed 
set of boundary conditions and situations, is not performed 
here. Instead, a representative baseline scenario is chosen 
and assessed. The relevant parameters influencing the life 
cycle are then identified and varied, and the resulting 
changes in the environmental impacts are discussed. 

Economic aspects are considered by performing a Life 
Cycle Costing (LCC) analysis within the same system 
boundaries as the environmental baseline scenario. The 
basis for the comparison is the same life cycle model under¬ 
lying the LCA study. All relevant cost units for production, 
transportation, and distribution of the empty boxes/crates, 
applicable cleaning and washing, costs/revenues for the 
end of life of the different materials, etc. are considered. 

The Life Cycle Working Environment (LCWE) method 
(Barthel et al. 2005, 2007; Makishi Colodel et al. 2009), also 
described as WE-LCA (Benoit et al. 2009), is applied for the 
production and the service life in order to cover the social 
aspects of the systems. This method employs social indica¬ 
tors for each process in the process chain. The applied 
indicators are at an inventory level; the establishment of an 
impact assessment for social indicators continues. These 
indicators are summed up over the whole process chain to 
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account for all social effects caused by the product. The unit 
“seconds of work” is used as a weighting factor for the 
different processes. The indicators used for the study are: 

• The total time of work [second/package] 

• The total time of women’s work [second/package] 

• The differentiation of the working time into qualification 
levels [second/package] 

• The number of lethal and non-lethal accidents [cases/ 
package]. 

The indicator data used are provided at the industry level 
by national databases and are broken down to processes using 
“value added” as an allocation key (Barthel et al. 2005,2007). 

2.5 Critical review 

LCA studies that include a publically disclosed comparative 
assertion affect the interests of competitors and other stake¬ 
holders, especially when the results are controversial or show 
high economic implications such as in the logistics market. 
The overarching aim of any critical review is to contribute to 
the quality assurance of LCA studies and to protect interested 
parties on the marketplace from unsubstantiated claims. 

The main results presented were derived from an extensive 
study completed in 2007, which was then updated and ex¬ 
tended in 2009 (Barthel et al. 2007; Albrecht et al. 2009). The 
environmental impact assessment is a comparative Life Cycle 
Assessment according to ISO standards 14040 (ISO 2006) 
and 14044 (ISO 2006), and the findings are intended to be 
disclosed to the public. Therefore, in line with these standards, 
the LCA components of the underlying studies were critically 
reviewed by international external review panels. 

The critical review process ascertained the transparent doc¬ 
umentation of the purpose and use of the studies as well as the 
consistent life cycle models and the data categories. Accord¬ 
ingly, the data, models, and methods employed are deemed 
appropriate, in relation to the goal and scope of the study. 

3 Results and discussion 

3.1 Life cycle indicator results 

PED is used as a measure of the cumulative primary energy 
resources that are used directly and indirectly over the life 
cycle of the system. The calculated results for the PED are 
shown in Table 3. The total PED results are split into 
primary energy expenditure ( PED total consumption (pro¬ 
duction + service life)) and end-of-life credits {PED total 
substitution (end of life)). The PED total consumption (pro¬ 
duction + service life) is a sum of PED non-renewable 
consumption and PED renewable consumption , and primar¬ 
ily reflects the consumption of primary energy resources for 


both the production of the materials used and for the energy 
needed to run the service-life processes. PED total substitu¬ 
tion (end of life) is a sum of PED substitution non¬ 
renewable and PED substitution renewable, and accounts 
for credits from the end-of-life treatment—for example from 
energy recovery. The non-renewable component of the pri¬ 
mary energy consumption is by definition a depletion (of 
fossil energy resources), whereas the renewable component 
is not depleted in this sense. 

The cardboard boxes and the plastic crates show almost the 
same level of PED non-renewable consumption. The wooden 
boxes and the cardboard boxes have a high consumption in 
terms of primary energy from renewable resources (PED 
renewable consumption). The use of non-renewable resources 
is avoided as a result of the energy produced from incineration 
and energy recovery of the wooden and cardboard boxes after 
use. This results in a reduction in the PED non-renewable total 
for the cardboard boxes. The wooden boxes generate more 
non-renewable primary energy (PED substitution non¬ 
renewable) at end of life than is necessary for their production, 
resulting in a net negative contribution. 

The PED of wooden boxes is mainly based on solar 
energy captured via photosynthesis. The wooden box sys¬ 
tem recovers the highest amount of the used embodied 
energy and therefore substitutes more non-renewable prima¬ 
ry energy than what is used. 

The cardboard boxes have the highest PED total. The 
relation of PED non-renewable total to PED renewable total 
for the cardboard boxes is one to four. The cardboard system 
recovers about one third of the total primary energy. 

The plastic crates show almost the same level of PED 
non-renewable total, but due to a lower amount of PED 
renewable total, the overall PED total is lower than both 
single-use systems. 

When analyzing and discussing the depletion of energy 
resources from a present view, the PED non-renewable can 
be seen to be the more important indicator. From a life cycle 
perspective and from the calculation of end-of-life credits 
with respect to a potential substitution of non-renewable 
resources by renewables, the information gained by PED 
renewable deepens the outcomes from the analysis of non¬ 
renewable resource depletion. The PED indicators include 
the particular embodied energy. This is caused by two 
related aspects. At first, savings in the consumption of 
PED non-renewable in production are caused by the use of 
renewable waste products as an energy source in production 
and due the renewable embodied energy with the wooden 
and cardboard boxes. These savings mainly result from the 
less energy intensive wooden boxes and to a minor extent 
from cardboard boxes due to a more complex and energy 
demanding processing. Secondly, at the end of life, this 
renewable embodied energy gains credits in PED non¬ 
renewable when, for example, wooden boxes are incinerated 
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Table 3 PED of the baseline scenario 

Life cycle PED [MJ per functional unit] 

Wooden boxes (single use) 

Cardboard boxes (single use) 

Plastic crates (re-usable) 

PED non-renewable consumption 

19,050,000 

49,150,000 

19,670,000 

PED renewable consumption 

77,980,000 

77,590,000 

310,000 

PED total consumption (production + service life) 

97,030,000 

126,740,000 

19,980,000 

PED substitution non-renewable 

-37,030,000 

-31,280,000 

-3,240,000 

PED substitution renewable 

-16,380,000 

-6,000,000 

-60,000 

PED total substitution (end of life) 

-53,410,000 

-37,280,000 

-3,300,000 

PED non-renewable total 

-17,980,000 

17,870,000 

16,430,000 

PED renewable total 

61,600,000 

71,590,000 

250,000 

PED total 

43,610,000 

89,460,000 

16,680,000 


in a Municipal Solid Waste Incinerator (MSWI) and 
substituting potentially fossil-based power grid mixes. The 
depletion of non-renewable energy carriers is further 
addressed by the calculation of ADP (see Section 3.2). 

3.2 Life cycle impact assessment results 

A representative baseline scenario with the corresponding 
parameter settings (baseline scenario (representative mean 
value)) was calculated, in order to estimate the influence of 
technical and organizational parameters on the system. The¬ 
se parameters included aspects such as lifetime, efficiencies, 
and the number of fillings; see Table 4. The results of these 
calculations reflect an average situation for each transport 
packaging system in a European-wide context. The results 
have to be interpreted carefully, knowing that a model is a 
mirror of a variable reality. A single truth rarely exists in 
reality, and this should be reflected by LCA as well. 

The results are first presented as a range relative to the 
baseline scenario. The results of the environmental impact 
categories are shown in Table 4 as absolute values and in 
Fig. 3 as normalized to the annual European emissions 
according to Guinee et al. (2002), which were updated in 2007. 

The overall results for five environmental impacts are 
presented below. Table 4 provides the absolute results for 
the baseline scenario split into three parts: emitted, avoided, 
or incorporated, and total impacts. 

The figures under emitted correspond to the total releases 
over the life cycle; the figures for avoided or incorporated 
reflect the effects due to incorporation of C0 2 during the 
growth of renewable resources and the effects of avoiding or 
substituting primary production through the use of used by¬ 
products, energy, and secondary materials. The total impact 
figures represent the balance of both (emitted minus 
avoided/incorporated). 

The trees from which the wooden boxes are made incor¬ 
porate carbon dioxide during growth. This carbon dioxide is 
released when the boxes are incinerated. Electricity is pro¬ 
duced during incineration and substitutes/avoids average 


electricity production. Cardboard boxes emit more C0 2 
during production than wooden boxes and have less C0 2 
incorporation as only a portion of the input materials and 
chemicals are wood based. The combined effects of the 
larger number of boxes produced and the smaller quantity 
of incorporated C0 2 result in higher net C0 2 emissions, 
despite the fact that the cardboard boxes are by far the 
lightest boxes and therefore emit less C0 2 during road 
transport than wooden boxes and plastic crates. Eighty-two 
percent of the cardboard boxes are incinerated, and the 
incorporated C0 2 is released. The remaining 18 % are used 
to satisfy a secondary pulp demand in the production of the 
fruit and vegetable boxes. Plastic crates emit significantly 
less carbon dioxide in the production phase than the other 
options due to the characteristics of a re-usable system, 
where fewer crates need to be produced. However, plastic 
crates do not benefit from uptake of carbon dioxide prior to 
production. The end of life of the plastic crates show a 
benefit over the life cycle, due to the recycling of the crates 
with substitution of primary material and the incineration 
and energy recovery of production residues. 

Under the given boundaries, the eutrophication impact, 
caused by emissions to water and air, is lowest for the plastic 
crate system, followed by wood and cardboard. For card¬ 
board, this is mainly due to the production of Kraftliner and 
Fluting (86 % of total over the life cycle). The cardboard for 
fruit and vegetable boxes completely consists of the high- 
quality pulp systems Kraftliner and Semi-Chemical Fluting 
(FEFCO 2006) as these systems are suitable for a humid 
atmosphere. The EP impacts of the wooden boxes are main¬ 
ly due to the box production stage and to the distribution of 
new boxes to growers (both approx. 25 %); approx. 20 % of 
the impact is from the supply of wood, 15 % is due to the 
service life stage and transports, and 15 % due to the end-of- 
life stage. The EP of the plastic crates is driven by their 
service life. About 70 % of the emissions are caused by 
transports. The washing and the production of the crates also 
contribute significantly to this impact, with about 25 % of 
emissions coming from these sources. 
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Table 4 Life cycle impacts per functional unit (baseline scenario) divided into most important life cycle steps 
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Fig. 3 Environmental impacts 
of the baseline scenario 
normalized to the total annual 
European emissions using CML 
indicators (Guinee et al. 2002) 
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The analysis of the results for EP is valid for AP as well. 
The same contributors play the most important roles and the 
results are similar. For the POCP impact, the largest impacts 
arise from the supply of the energy carriers electricity and 
fossil-based fuels. The use of energy therefore has a major 
influence on the POCP impact. The ADP impacts follow the 
consumption of non-renewable primary energy as shown in 
Table 3, which corroborates the overall findings of the 
environmental impact assessment. Overall, the advantage 
of the re-usable crate system lies in the ability of the crates 
to be reused, which therefore reduces the need for plastic 
crate production. 

The “avoided impacts” of all three systems reflect the 
positive effects of recovering energy in thermal treatment 
units such as incineration plants and of recovering secondary 
materials in recycling. The electricity is sold and substitutes 
average electricity production in the EU25, while the second¬ 
ary materials substitute a part of primary material production. 

The absolute results shown in Fig. 3 are related to Europe's 
total emissions for the relevant impact category in the year 
2007 (Guinee et al. 2002). The main contributors to these 
impacts are discussed above. The contribution of the transport 
packaging systems to the annual European total is most sig¬ 
nificant in AP, ADP, and GWP, followed by POCP and EP. 

Table 5 gives an overview of the main parameter settings 
for the baseline scenario, which were chosen as a reference 
for the discussion of results. Alternative parameter values 
and the resulting life cycle impacts are shown relative to the 
baseline scenario. 

The parameters in Table 5 are shown per life cycle phase, 
as well as by the respective transport packaging system. The 
results in the section Changes in environmental impacts 
relative to the baseline scenario are to be understood as 
follows: negative relative numbers improve the Life Cycle 
Impact Assessment (LCIA) results while positive numbers 
represent a deterioration of the environmental profiles. 


The different parameters are numbered (no. 1-23). A 
variation in the value of these parameters is shown within 
a meaningful range. Some of the parameter variations can be 
seen as a sensitivity analysis showing the extent to which 
the system is sensitive to variability (no. 7-12). In these 
cases, a minor sensitivity outcome attests to the stability of 
the system and shows that possible uncertainties in these 
values do not have a notable influence on the results. The 
remaining parameters (no. 1-6 and 13-23) should be 
interpreted as a parameter variation showing the results of 
different assumptions in order to highlight key drivers and 
optimization potentials. The parameters that result in large 
changes to the overall results are discussed below. 

Production The production of the wooden boxes is mainly 
influenced by the share of ligneous crops, the presence or 
absence of technical wood drying, and the application of 
steaming prior to peeling of poplar wood (no. 1-4). Only the 
application of steaming of poplar prior to peeling (no 
steaming is assumed in the baseline scenario) shows signif¬ 
icant environmental relevance; it worsens the environmental 
profile of the production of wooden boxes by up to 12 % in 
GWP due to the additional thermal energy required for 
biomass heating. 

The parameter with the highest impact within the pro¬ 
duction phase of the cardboard boxes is the specific share of 
different pulps and papers (no. 5). According to FEFCO 
(2006), the composition of fruit and vegetable boxes is 
characterized by high shares of Fluting and Kraftliner, 
which are two high-quality, demanding paper types, which 
are able to withstand the humid atmosphere present during 
the transport of fruit and vegetables. The variation of this 
parameter is therefore not a technical option for the defined 
functional unit, as this specific paper quality is required. 
Nevertheless, a variation indicates the importance of this 
parameter and its relevance. The variation in the factors 


4^ Springer 
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influencing the production of plastic crates results in only 
minor changes to their environmental profile. 

Service life Re-usable systems are mainly characterized by 
the number of fillings per crate within their service life. As the 
plastic crates can be used multiple times, the average lifetime 
and the number of fillings during the lifetime have to be 
considered. Primary data give 4.8 fillings per year and an 
average life time of up to 20 years (Albrecht et al. 2009); thus, 
in the conservative baseline scenario, a 10-year lifetime per 
plastic crate is assumed, resulting in 50 fillings per crate. The 
parameter nos. 13 and 14 take into account the influence of the 
plastic crates’ lifetime within the re-usable system, which 
affects the total number of fillings per crate. Parameter no. 13 
considers an average lifetime of 6 years per crate, showing the 
influence of a fairly short lifetime. Parameter no. 14 assumes a 
20-year lifetime of the re-usable crates, as a close-to-reality 
scenario. The number of fillings per crate within its lifetime 
has a main influence on the performance of a re-usable sys¬ 
tem. Compared to the single-use wooden boxes, 40 to 60 
fillings, depending on the respective impact category, need 
to be reached within a re-usable crate’s lifetime to be environ¬ 
mentally preferable. This is in average reflected by the con¬ 
sidered baseline scenario. Compared to the single-use 
cardboard boxes, the breakeven is reached already between 
5 and 15 fillings, which represent lifetimes between 1 and 
3 years. As a re-usable system is intended to run as long as 
possible, this is seen just as a theoretical number, as reality is 
somewhere between 10 and 20 years lifetime with about 5 to 
10 fillings per year, resulting in a realistic number of fillings 
between 50 and 200 fillings per crate during its lifetime. An 
increase in the number of fillings per crate in the re-usable 
system results in an improved environmental performance 
over the whole packaging system related to the functional 
unit. Thus, the re-usable option shows always environmental 
advantages under an intended use of the multi-way system. 

With an increasing number of fillings accompanied with an 
increasing number of trips made by the re-usable packaging in 
its lifetime, proportion of service-life emissions gains in im¬ 
portance within the re-usable system in comparison to the 
decreasing proportion of production and the end-of-life phase. 
Compared to the single-use systems the overall environmental 
impacts per functional unit decrease as per filling the service- 
life emissions are lower than the single-use box impacts. 
However, the additional advantage in environmental impacts 
caused by an increasing number of fillings per crate aspired 
slows down with a rising number of loops. 

Although the variation of transportation distances is not a 
dedicated object of investigation and an average European 
transport distance could be calculated, some qualitative con¬ 
clusions can be drawn. The backhaul trips for the re-usable 
system become more significant when significantly longer 
transport distances are considered. This means, fruit and 


vegetable transportation over significant longer transport 
distances tend to favor single-use packaging as the backhaul 
is not necessary. This is, for example, also true for overseas 
transports. The transportation over shorter distances tends to 
favor re-usable packaging, as the service-life system and the 
connection to the washing centers are optimal. 

End of life In contrast to the production and service life, 
where the number of parameters is relatively well deter¬ 
mined, the consideration of the end-of-life phase offers a 
wide range of values within the given scenarios. 

Regarding the wooden boxes, two potential end-of-life 
treatment options are considered. The first option is the recov¬ 
ery of the embodied energy through incineration and the 
production of electricity. The second option is the material 
recycling of wood waste as raw material into the particleboard 
industry (no. 15 and 16). This second option is mainly relevant 
in Southern Europe, and therefore, only the additional fuel 
consumption of transports to Southern Europe caused by the 
weight of the wood is included, to make the figures indepen¬ 
dent from a transport demand discussion. 

The recycling of cardboard includes the impacts from 
material recycling and the energetic recovery of the embod¬ 
ied energy. The variation of parameter no. 19 assumes a 
higher share of cardboard returning to the pulp and paper 
industry as a secondary resource. Within the representative 
baseline scenario, only 17.6 % of secondary material is 
returned (FEFCO 2006), as a higher share of primary fibers 
is needed to ensure a sufficient level of paper quality for the 
fruit and vegetables boxes. On average, within the European 
cardboard sector, around 55 % of cardboard is recycled into 
secondary material (FEFCO 2006). Parameter no. 19 corre¬ 
sponds to this higher cardboard recycling rate. A corre¬ 
sponding approach is developed in ISO/TR 14049 (ISO 
2000). There, open loop recycling is considered, meaning 
that the material is not necessarily recycled into the same 
material or application. In this approach, allocation factors 
for the emissions released in the different steps were calcu¬ 
lated based on the recycling rates and times of reuse. Ap¬ 
plying this approach here does not change the overall 
findings of the study, although the results for the cardboard 
boxes improve between 11 % for GWP and 28 % for EP. 

The amount of broken plastic crates proceeding to re¬ 
granulation is considered to be 100 % in the baseline sce¬ 
nario, but with a potential quality loss resulting in a residual 
value of 70 % compared to primary plastics. According to 
the data collected, this is the case for the investigated plastic 
crate system. Nevertheless, it is of interest to see the influ¬ 
ence of a changing end-of-life option for plastic crates (no. 
21 and 22). The overall results show up to 24 % higher 
impacts for plastic crates in ozone depletion, summer smog, 
and global warming, if 50 % of the crates go to incineration 
and only 50 % are re-granulated. 
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For all three transport packaging systems, parts of the waste 
flows are fed to the recovery of embodied energy in MSWI 
plants (no. 17, 20, 23). The use of the steam produced in these 
plants is viable and state of the art in several countries in the 
EU. However, in the European average, it plays a minor role, 
due to the unavailability of steam consumers or steam grids at 
the solid waste incineration plants. Steam recovery and sale was 
therefore not considered in the baseline scenario. The influence 
of the option to sell the steam as a valuable product is assessed 
as a parameter variation. In the case where the steam can be 
used and therefore sold, the life cycle impacts for all three 
systems decrease. The environmental impacts of the wooden 
boxes decrease most significantly, followed by cardboard and 
plastics. For the wooden boxes, a large decrease of the global 
warming potential occurs, because the incinerator emissions are 
counteracted by the production of both electricity and steam. 

In summary, the environmental comparison shows that 
the differences in the three transport packaging systems 
analyzed reflect the system characteristics; two are single¬ 
use systems and one is a re-usable system. The two single¬ 
use systems are both based on the renewable feedstock 
wood and wood fibers whilst the re-usable system is fossil 
based. The life cycle performance of the single-use systems 
is mainly characterized by the choice of feedstock and the 
related manufacturing processes as well as the end-of-life 
option taken. Wooden boxes are easy to produce and show a 
good life cycle performance although they are not compa¬ 
rable to the high-tech cardboard and plastic products which 
exhibit more homogeneous material characteristics. 

The high-quality requirements of transport packaging 
lead to high material requirements, in the case of cardboard 
to the necessity of Kraftliner and Semi-Chemical Fluting as 
main materials. The production of cardboard is therefore 
very intensive in terms of energy and chemical use. Al¬ 
though the cardboard industry has a high recycling rate, 
the considered high-quality boxes consist of more than 
80 % primary material. The benefits at the end of life 
therefore do not completely counteract the impacts of the 
production phase. For both single-use systems, the service 
life plays a minor role in the life cycle. 

The main environmental impacts for the re-usable system 
arise from the service life. There are two reasons for this: 
Firstly, the plastic crates have twice the weight compared to 
the other boxes and therefore resulted in higher fuel consump¬ 
tion and related emissions in transports. Secondly, the wash¬ 
ing process requires additional energy and causes wastewater 
emissions. The material recycling at the end-of-life phase 
results in environmental credits from the recovery of second¬ 
ary granulate to be used again in a similar application. With an 
increasing number of fillings, the re-usable system becomes 
more favorable compared to the single-use systems. This is 
because the energy demand and emissions of the washing 
process and the related logistics of the re-usable systems 


increase at a slower rate than the decrease in energy demand 
and emissions of plastic crate production through a lower need 
for plastic crate production. 

Overall, plastic crates and wooden boxes have a lower 
impact in the chosen impact categories in comparison to 
cardboard boxes, for fruit and vegetable transport in Europe. 
The plastic crates system has the most favorable environmen¬ 
tal impact compared to the other systems. For GWP and ADP, 
the results are similar for the wood and the plastic systems. 
The high impacts for the cardboard boxes are mainly due to 
the need for high-quality cardboard and therefore an intensive 
production process. The cardboard boxes may be further 
optimized from a design and shape which could lead to less 
material demand for the same capacity. 

3.3 Economic evaluation of the transport packaging systems 

Figure 4 below shows the results of the life cycle costing 
analysis of the three fruit and vegetable transport packaging 
systems. The analysis shows that the re-usable system is the 
most cost effective over its life cycle. Strictly speaking, these 
prices do not only include costs, but also revenue for the 
packaging producer. However, as this price occurs as a cost 
for the customers, it is considered as such. The transport of the 
new boxes/crates to the growers incurs transport costs. For the 
plastic crates, additional costs for the washing, sorting, and 
crate replacement after they have been used are considered. 
Transports during the service life take into account the cost for 
transporting empty boxes back to the growers and other 
transport costs related to the logistical tasks of a re-usable 
transport packaging pool provider. Edge protection is the cost 
for the protection of cardboard edge of the full pallets if they 
are loaded with wooden or cardboard boxes to enhance sta¬ 
bility and protection of the freight. The Bonner Notiz is a 
charge for non-reusable transport packaging, which is 0.6 % 
of the value of the transported goods. The end of life cost 
denotes the cost for removing the wood waste in the case of 
the wooden boxes, while the revenue end of life denotes the 
revenue for cardboard waste and used plastic crates. The 
transportation cost of the full crates from producer countries 
(growing areas) to consumer countries is not considered in the 
cost analysis. The only difference between the crate systems 
originates from the different weight of the boxes/crates. This 
could lead to additional diesel consumption by the trucks 
loaded with plastic crates in comparison to tmcks loaded with 
wooden or cardboard boxes; however, the effect is estimated 
to be of minor relevance. 

The LCC covers all necessary costs to run the respective 
transport packaging service system according the functional 
unit. This includes the most important steps in the value chain. 
Neglected aspects are negotiable matters of expense like the 
costs for the fmit and vegetable transportation itself and rev¬ 
enues from the rental of boxes and crates. The dominating cost 
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Fig. 4 Life cycle costs of the 
three systems over the entire 
life cycle (production of boxes/ 
crates, transportation, washing 
(where present), and end of life) 
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drivers for both single-use systems are the boxes themselves, 
while for the re-usable system, the additional costs are also 
relevant. Overall, the service of one functional unit of the re¬ 
usable plastic crate system costs around half that of the single¬ 
use systems. The cost data are mainly derived from industry 
(Euro Pool System 2008, IFCO Systems 2008) and market 
experts (Fraunhofer IMF 2008). 

3.4 Social indicators 

The social effects show a differentiated picture for the different 
indicators. As mentioned in Section 2.4, the applied indicators 
are at an inventory level. The production phase of the cardboard 
boxes shows the highest working time (150 s/box), followed by 
the plastic crates (120 s/box) and wooden boxes (85 s/box) 
related to the entire value chain. This is mainly caused by the 
highly processed and work-intensive upstream products. The 
working time's share of women employment is highest for 
plastic crates with approx. 28 %, followed by wooden boxes 
with approx. 18 % and cardboard boxes with approx. 5 %. This 
is mainly driven by the high share of employment in the 
wooden and cardboard box systems that is in forestry and 
logging, which is male dominated due to its physical labor. 
Within the chemical and plastics industry, the share of female 
work is higher. 

When considering production and operation, all three 
systems require a relatively large share of low-qualified 
employees. The description of qualification levels addresses 
the qualification required for a job position rather than the 
actual qualification of the employees; it ranges from level A 
(master degree and above) to level E (untrained or short¬ 
term trained workers). For the re-usable system, the low- 
qualified ones are mostly employed for washing and sorting; 
for wooden boxes and cardboard boxes, they are employed 


for the production step, mainly in forestry and logging. As a 
long-term result, low-qualification jobs are ensured. 

In comparison to the single-use box systems, the re¬ 
usable plastic crate system shows a very low lethal accident 
rate (Fig. 5). For the wooden boxes, the high lethal accident 
rate results from the logging of wood. 

A considerable achievement is obtained using the FCWE 
method, in that the social indicators can be quantified along the 
life cycle of a product. This approach is based on the same 
product life cycle model as FCA; as background, it uses statis¬ 
tical data concerning social issues which are available for most 
of the highly developed countries. FCWE data sets are inte¬ 
grated in the GaBi software and database with a respective 
documentation of the employed data sources (GaBi 2008b). 
FCWE data is gathered on the level of industry branches and 
broken down onto the level of production processes. Hence, 
mean FCWE profiles are dedicated to the specific production 
processes, which is desired to minor the influence of spikes. 
The dedication of mean LCWE profiles is important to not 
overstate indicators which describe events with a very low 
probability of occurrence, like accidents. The statistical signif¬ 
icance increases through the extension of the control sample. 
This leads to an increase of the underlying reference on the one 
hand and therefore to a de-specification of the determined 
LCWE profile on the other hand. Process specificity and sta¬ 
tistical significance act antagonistically. This correlation and 
the possible deduction of a mle to apply a sufficient aggregation 
level of particular data collections is an important but pending 
question for (some) social indicators. Challenges remain re¬ 
garding the interpretation of the results for some indicators; for 
example: is a high working time to be assessed as a positive or 
negative impact? Furthermore, the development of additional 
social indicators to be used within the FCWE method would 
clearly increase its significance. 
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Fig. 5 Lethal and non-lethal accidents per produced package 

4 Sustainability consequences of the influence 
of the packaging on the product 

In this study, the environmental impacts of fmit and vegetable 
transport systems are analyzed in different technical situations 
and with different boundary conditions. The environmental 
impact results are complemented with life cycle cost and life 
cycle working environment results, in order to obtain a more 
encompassing sustainability assessment. However, it must be 
acknowledged that in specific boundary conditions, some 
packaging systems show additional and/or intangible benefits 
such as: flexibility of design (shapes, appearance, printings, 
labeling); free choice of supplier; suitability for bar codes or 
RFID tags and other logistic systems; low weight, ease of 
handling and stacking; hygiene, occupational health and safe¬ 
ty aspects; and prevention of food losses. These properties 
play an important role in the decision-making process of a 
packaging system and should not be neglected. 

Recent LCA studies of food items and their packaging 
(e.g., Biisser and Jungbluth 2009; Silvenius et al. 2011) 
indicate that the transport of goods and their primary pack¬ 
aging cause only a minor share of the total environmental 
impacts of the studied system. However, in the specific case 
of fruits and vegetables, the study by Cellura et al. (2012) 
indicates that a more relevant share of total environmental 
impacts is caused by packaging and transport. Nevertheless, 
from an environmental perspective, the package's role to 
protect the product and distribute it undamaged to the final 
consumer must be considered when comparing different 
packaging solutions, especially for easily deteriorating fresh 
products with short shelf life, such as fruits and vegetables. 
According to Buzby et al. (2009), a significant share of the 


food losses (up to more than 50 %) in the USA take place 
between the producer and the retailer, which underlines the 
important role of transport packaging to prevent fruits and 
vegetables from spoiling and other losses. Different 
packaging-related aspects contribute to the prevention of 
losses that occur during transport of fruits and vegetables. 
For example, the fruits and vegetables might have been 
packed only in transport packages, as was the assumption 
in this study. However, in some cases, primary packaging, 
such as dividers and trays, can be used to further protect the 
products. Different packaging material properties may give 
preference to some materials over others in terms of 
protecting the fruit and vegetables. These properties include 
respiratory and barrier properties, the ability to maintain 
optimal humidity conditions, and the adaptability of the 
packaging to any specific treatment the product may require 
(Chonhenchob and Singh 2003; Remon et al. 2003; Lopez 
Camelo 2004). In addition, it has been stated that the place¬ 
ment of the products in the transport package, whether 
packed in single or multiple layers or in horizontal or 
vertical placement, may impact the condition of some fruits 
and vegetables (Chonhenchob and Singh 2003, 2005). Fur¬ 
thermore, the conditions during transport and storage may 
be optimized through packaging. Different packaging mate¬ 
rials have different responsiveness to the vibration caused 
by transportation (Chonhenchob and Singh 2003). Corre¬ 
spondingly, packaging materials have different heat transfer 
characteristics, which affect the ability of the package to 
adjust to the optimal storage temperature for the specific 
fruit or vegetable in question (Singh 1992). 

According to Aworh (2010), plastic crates perform well 
in prevention of food losses because the crates are strong, 
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impermeable to moisture, possible to clean and sanitize, 
and have smooth surfaces and good stack stability. The 
smooth surfaces, which reduce the damages in the skins 
of fruits and vegetables, have also assisted the shift 
from wooden boxes to cardboard boxes and plastic 
crates (Aworh 2010). On the other hand, some vegeta¬ 
bles such as radish and green onions have been found 
to stay fresh longer in wooden boxes because of the 
more suitable humidity conditions. 


5 Conclusions and recommendations 

The environmental results show that the re-usable plas¬ 
tic crates and single-use wooden boxes display almost 
similar results in GWP, AP, and POCP. For the other 
impact categories considered (EP, ADP), the re-usable 
plastic crates show the lowest impacts whereas the 
single-use cardboard boxes have the highest ones. These 
results are in accordance with the results of the study 
by ADEME (2000). 

The further optimization potential for each transport 
packaging option could be identified. For single-use wood¬ 
en boxes, system optimization of the environmental profile 
could be gained due to: 

• The reduction of wood transports, especially long¬ 
distance transports of wood imports. 

• The reduction of weight of wooden boxes (weight varies 
partly almost factor two for same capacity depending on 
design and the moisture of the wood). 

• The kind of used wood. As poplar seems to be less 
intensive in forestry and box production, the broader 
use of poplar seems to be favorable. 

• The energy recovery in end of life. Due to the fact that 
wooden boxes are not recycled into particleboard in 
central Europe, certain transport distances to southern 
European sites apply. Energy recovery of wooden boxes 
in central Europe therefore seems to be the most appro¬ 
priate end-of-life option. 

For single-use cardboard boxes, system optimization of 
the environmental profile could be gained due to: 

• The box dimensions and, therefore, the amount of re¬ 
quired material is a possible aspect of further optimiza¬ 
tion as this appears to have a relevant influence on the 
environmental impacts. 

• The composition of papers concerning the primary and 
secondary fiber content playing a relevant role. Rela¬ 
tively less secondary fiber is used in the production of 
fruit and vegetable cardboard boxes with the required 
quality. If the share of secondary fiber could be in¬ 
creased, environmental impacts could be reduced. 


• Energy recovery at end of life: Due to the fact that fruit 
and vegetable cardboard boxes are not recycled into fruit 
and vegetable cardboard boxes again, different options 
for end-of-life apply. The energy recovery of cardboard 
boxes seems to be an appropriate end-of-life option as 
electricity and steam products are resulting. 

For re-usable plastic crates, system optimization of the 
environmental profile could be gained due to: 

• An increasing number of filling per lifetime. Thereby the 
overall results are optimized as the most important life 
cycle phase is the use phase. If the lifetime is reduced, 
the use phase becomes relatively more important. There¬ 
fore a conservative number of fillings were chosen as 
baseline scenario. 

• The increase of amount of secondary granulates in the 
production of the crates. 

• The application of recycling. If closed loop recycling is 
not possible open loop recycling into high value appli¬ 
cations should be applied. In this case most of the 
secondary granulates is used in crate production for 
other applications, reflecting about 70% of the primary 
granulates value in fruit and vegetable crate production. 

• The improved washing and cleaning process being of 
relevance within the life cycle of re-usable crates. There¬ 
fore, any effective reduction in energy consumption and 
related emissions, emissions from washing water as well 
as improvement of efficiencies lead to an overall opti¬ 
mization, especially with respect to a high number of 
fillings per lifetime. 

Regarding economic aspects, the re-usable system also 
shows advantages over the single-use systems. The highest 
share of the life cycle costs for wooden boxes and cardboard 
boxes occurs in the production phase, while for plastic crates, 
the service life is the main cost driver. The re-usable crates 
show a decrease in life cycle costs when increasing the num¬ 
ber of fillings. The number of circulations per re-usable crate 
should therefore be as high as possible. 

When assessing social impacts, plastic crates are the most 
preferable option in terms of the number of lethal accidents, 
and wooden boxes the worst. LCWE results should always 
be interpreted in the context of the societal boundaries and 
conditions, as the direction of the indicator scales is not as 
clear as in LCIA (e.g., not every context is a high share of 
highly qualified workers more preferable than a high share 
of lowly qualified workers). In this respect, a higher share of 
jobs by women and their qualification profiles might be 
assessed differently by the different interested parties: em¬ 
ployers, employees of different qualification levels, and 
politicians. For example, female workers and politicians 
might welcome and therefore assess positively a high share 
of women workers, whereas employers may not due to a 
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potential higher share of part-time work for example. Never¬ 
theless, it is highly recommendable to further explore and 
discuss this social assessment method, possibly by obtaining 
different user profiles with a predefined view on the indicators. 

The current and ongoing discussion about sustainability 
highlights the necessity of assessment and quantification of 
a range of sustainability indicators. This study shows that a 
comparative sustainability assessment is feasible in a struc¬ 
tured methodological way under similar boundary condi¬ 
tions and from a life cycle perspective. It is clear that such 
a study will not be able to cover sustainability exhaustively, 
but it can be concluded that certain sustainability aspects can 
complement an environmental life cycle assessment and 
provide important additional information for decision 
makers in policy and industry. Within this study, the under¬ 
lying foreground life cycle inventory model was used as 
basis for the life cycle impact assessment as well as for the 
evaluation of economic and social aspects. Supplemented 
by the use of consistent background data, the study benefits 
from conformed system boundaries and a clear reproduc¬ 
ibility and therefore can be easily updated in the future. An 
increased inclusion of the LCA aspects of food losses and 
the resulting benefits for the environmental performance of 
the respective transport packaging systems are envisaged as 
necessary research future activities. 

A comparative sustainability assessment of fruit and veg¬ 
etable transport packaging options will always be partial, as 
the packaging influences the amount and quality of the fresh 
food arriving to the consumer which consequently influ¬ 
ences the total impact of the packaging-product system. 
However, life cycle decision making occurs based on both 
quantitative science-based information and built-in social 
and emotional rules (Fullana-i-Palmer et al. 2011). There¬ 
fore, further research is needed to help the decision-making 
process from a life cycle management perspective both in 
relation to the influence of packaging in the product life 
cycle and in relation to how the results are processed to¬ 
gether with other societal and emotional factors. 
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